Recent progress of thin-film type thermoelectric, TE, materials accelerates new microdevices working at room temperature to high temperature, and also requires the measurement techniques for the films. Modified four point pressure contact electrodes have been developed in this study, applied for the high temperature measurement of the resistivity and Seebeck coefficient of the boron-doped Si 0:8 Ge 0:2 and Si thin films. The films were prepared by chemical vapor deposition method and then annealed at high temperature of 1050 C, and their Seebeck coefficients were investigated with two different measurement systems, block heating or air cooling electrodes, from 80 to 780 C. For this temperature range, the Seebeck coefficients of the boron-doped Si 0:8 Ge 0:2 film and boron-doped Si film were 150$350 mV/K and 100$ 250 mV/K, respectively. The deviation of Seebeck coefficient was investigated with various measurement parameter, and the optimized temperature difference for the reliable measurement was found to be 2.2 C.
Introduction
Recent increase of the researches using thermoelectric, TE, materials of thin-film and thick-film accelerates the development of various new TE microdevices not only sensors but also generators. 1, 2) Even though the current thin film applications are targeted around room temperature, new reports of the devices made of high temperature materials for wider or higher operating temperature are coming out in the research area. From this background, high temperature TE measurement for the thin film applications, especially Seebeck coefficient, is promised technique for R & D of new materials and devices.
A large number of semiconductor materials have been investigated by early 1960's, several of which emerged with Z values significantly higher than in metals or metal alloys. Materials based on bismuth telluride, BiTe, lead telluride, PbTe, and heavy-doped silicon, Si or silicon-germanium alloys, SiGe, emerged as the best thermoelectric materials for the operating temperatures of about 450 K, 900 K and 1400 K respectively. Among them, the thin-film-type high temperature materials of the SiGe and Si can be prepared by various film preparation techniques, conventional RF-sputtering method, 3, 4) long-through-type helicon sputtering method, 5) and Low Pressure Chemical Vapor Deposition (LPCVD) 6) method. These TE films could be doped with both of phosphorus and boron and their differences in device performance were investigated previously 5) at around room temperature. However, their TE properties at high temperature have not been reported yet, which is very important for the wide-temperature-range applications.
The high temperature measurement technique to measure precisely the resistivity and Seebeck coefficient of thin filmtype thermoelectric materials has not well developed yet, because it is difficult to make stable electrode configuration for the thin film samples, which can properly build up temperature difference across the sample and can read the temperature and voltage at the same time. Furthermore, there is no stable thin film materials reported which can be standard for high temperature measurement to prove the reliability of the measurement at high temperature. 7) In this study, new configurations of electrodes for the thin film sample measurement modified from the air-cooling electrodes system used for bulk sample measurement, 8) have been used to investigate the TE properties of SiGe and Si thin films at high temperature up to 780 C in air. The p-type Si 0:8 Ge 0:2 and Si thin films deposited by lower pressure chemical vapor deposition, LPCVD, have been used for the measurements and various measurement parameters and data acquisition methods have been reviewed and modified for the better precision measurement.
Experimental

Preparation of TE thin films
The SiGe thin films was deposited on Si 3 N 4 /SiO 2 multilayer on Si substrate, using a commercially available LPCVD method at 700 C with the sources of using silane, germane and diborane sources for the preparation of the B-doped Si 0:8 Ge 0:2 thin films. The boron source during the CVD was controlled to the final composition of B-content around 10 19 cm À3 . For the SiGe films, their carrier concentration were varied by changing the temperature of the post thermal annealing to activate the charge carriers after the deposition.
The Si films was also deposited on the same multilayer substrate by LPCVD at 1000 C by silane source and then the doping process was carried out by B ion implantation, 2:0 Â 10 15 cm À2 , and post-annealing at 1000 C. The detailed study to optimize the measurement method, dynamic and static, various parameters, have been carried out using this Si thin film sample.
Measurements
Figure 1(a) shows a TE measurement electrode system used in this study, using Ag metal Block Heater Electrodes, System BHE, which is a modified electrode of Hall measurement system using two Ag blocks as electrodes, where the thermocouples and heater are installed inside. In the case of typical sample set-on position, the distance between the thermocouples and electrode contacts affect the Seebeck coefficient value and the results are discussed later. However, this configuration is very useful to measure both the Hall carrier density (mobility) and the Seebeck coefficient, , at the same time. The van der Pauw Hall measurement technique with this four point electrode system was also used for the evaluation of the conductivity, , carrier concentration, and mobility of the thin film at various temperatures and the magnetic field of 0.75 T.
For the Hall measurement of the thin film type sample, the passivation and electrodes have been patterned to prohibit the leakage current effect of Si substrate, as shown in Fig. 2(a) . The thin film sample at edge of the substrate is etched out by reactive ion etching and then silica passivation has been deposited by Plasma Enhanced Chemical Vapor Deposition (PECVD). After then the contact windows for electrodes are opened by Reactive ion etching (RIE).
Figure 1(b) shows an electrode system using Air-flow Cooled Electrode, System ACE, where the one side of the sample is cooled down by air flow inside the double quartz tubes, to induce the temperature difference in the sample. A snap of this electrode configuration is shown at right. This electrode system was installed into a commercial TE measurement system of RZ20001i (Ozawa science Co.) that was originally designed of the bulk sample.
The air-flow cooling system has been used for the measurement of Seebeck coefficient for high temperature atmosphere as described in detail in previous report.
8 ) The system ACE has been redesigned and modified its electrode probes to have 4 point pressure-contact electrodes for the measurement of thin film samples. Every electrode is an Rtype thermocouple, TC, platinum-13% rhodium vs. platinum, which is guided and supported by alumina tube and pressed to make contact to the thin film sample.
Cooling the cold side of the thin film sample induces the thermoelectric voltage, ÁV in the film sample, and then the temperature difference, ÁT. The ÁV were measured by means of any two TC contact points on the film sample. This method was effective to create stable temperature difference for high temperature atmosphere. For the measurements of electrical resistivity, the configuration factor, 9) CF, value was multiplied considering the parameters of the electrode distance and the dimensions of the film.
A Keithley 2700 multi-meter measures the voltage between the electrodes, with switching matrix connecting from device to instrumentation for the various thermoelectric measurements. The measured Seebeck coefficient, M , is obtained from the slope of the thermoelectric voltage ÁV as a linear function of the temperature difference ÁT. 
The Seebeck coefficient of the sample, , can be given by adding the measured M and the Seebeck coefficient of the Pt line, A . The parameter of ÁT was varied for both the systems of BHE and ACE. The BHF system uses only two sets of ÁT and ÁV, whereas the ACE system uses five sets of ÁT and ÁV, to evaluate the M . The data of these 5 sets of ACE system were acquired during the air cooling of the cold side, and the fitting of least-squares regression method carried out to determine a regression line. The slope of the line is M and the linearity can be evaluated by the parameter r, which called as correlation parameter in statistics (r 2 is the uncertainty of the regression). Two data acquisition method of ACE system, one was to record the sets of ÁT and ÁV during the continuous cooling, called dynamic method. The other was to record them after the temperature stabilization of the cold side, called static method. Figure 2 shows the results of the Hall measurement of the Si 0:8 Ge 0:2 thin films annealed at two different temperature, 750 and 1050 C. The resistivity values of both samples are similar each other and is close to the reported value of the sputter deposited B-doped SiGe films annealed at temperature of 1000$1100 C. 5) However, the carrier concentration of the LPCVD film annealed at 1050 C, was fairly low and its carrier mobility is relatively high as 18 cm 2 /Vs. This high mobility of the CVD SiGe film annealed at 1050 C is several times larger than that of the film annealed at 750 C or those of the sputter deposited Si 0:8 Ge 0:2 film, 5, 10) 5$10 cm 2 /Vs. Both the high temperature annealing and CVD process seem to enhance the crystallinity of the films, and induce higher carrier mobility. As the higher mobility is thought to lead higher thermoelectric performance as discussed in the text, 9) the Seebeck coefficient of the film of higher annealing temperature is expected to be higher than that of the lower temperature annealing one. Figure 3 shows the of the same SiGe thin film annealed at 1050 C evaluated by the measurement system, System BHE. This system has two silver blocks equipped with thermocouple, TC, inside, which grip the sample ends to have both electrical and thermal contacts. One block has its own miniature heater with PID control and the heater heats up the sample to build up temperature difference across the sample.
Results and Discussions
SiGe thin film
of SiGe films measured by system BHE
The measured value of the Seebeck coefficient with BHE was considerably as low as 20$80 mV/K, and below the 25% of the reported value for the sputter deposited SiGe film 4, 5) or bulk, 11) 120$200 mV/K for the temperature range of 25$300 C. To understand any possible artificial error which induced this large deviation from the previous data, we have changed some parameters during the measurement. For the ÁT, for instance, the data shown in Fig. 3(a) was measured by ÁT ¼ 3 C, and the Seebeck coefficient measured again with ÁT ¼ 10 C showed no noticeable change. We have also changed the sample position to eliminate the possible artificial error which can originate from the distance from the TC inside the block and the end of the block, i.e., the distance between the temperature reading points and the electrical contact points.
The sample holding configuration has been changed as shown in Fig. 3(a) . As the distance between the temperature reading and the electrical contact points was reduced smaller, the became higher and close to the value reported. At high temperature of 300 C, the effect of this modification becomes evident, and this seems due to the reduced distance, as shown in Fig. 3(b) . The BHE assumes the temperature difference inside the block is to be zero, but there was a temperature difference which made the artificial error. Figure 3(b) shows that the real temperature difference across the sample, T H À T L , which can be reduced than the measured value of T H0 À T L0 , and the normalized temperature difference, ðT H À T L Þ=ðT H0 À T L0 Þ becomes less than unit as this effect are serious in the case of large distance or bad thermal conduction. Another problem is the fast heat conduction of the substrate of the thin film sample that can also affect this measurement for the system BHE by the same reason. Figure 4 shows the normalized temperature difference, ðT H À T L Þ=ðT H0 À T L0 Þ, which relatively corresponds to the apparent Seebeck coefficient, with the different distance or dimension of the measurement fixtures, blocks, and the sample size. The Pd foil is regarded as a reference material and the data of Pd is plotted for the comparison. In the case of the high thermal conductivity substrate, the heat diffusion by (a) (b) Fig. 3 (a) Seebeck coefficients of the B-doped SiGe thin films annealed at 1050 C, measured by the System BHE. Each symbol has a different distance from the sample center to the heater inside the block. (b) The schematic of temperature reading point in the System BHE, which uses two silver blocks to induce the temperature differences across the sample, and sample set on position affect the results. Figure 5 shows the thermoelectric properties of two SiGe films annealed at two different temperature, 750 and 1050 C, measured by System ACE. The was measured by dynamic method. The electrical conductivity, , was deviated a little from the data of Hall measurement. This deviation seems due to both the variation of the film thickness or poor uniformity of boron dopant in the batch of the thin film. The temperature dependencies of the indicate that the films of high temperature and low temperature annealing are metallic and semiconductor-like, respectively.
of SiGe films measured by system ACE
The of the SiGe thin film annealed at 750 C linearly increased with temperature from 20 to 225 mV/K, which is relatively low value compared to the reported data of bulk, 11) 120 mV/K, or thin film, 12) 59 mV/K, at room temperature. The of the SiGe thin film annealed at 1050 C also linearly increased with the temperature from 150 to 350 mV/K, up to 600 C and decreased down to 300 mV/K with temperature. The at 100 C is comparable to the reported data of the bulk materials, 129$144 mV/K at 100 C, or ploy-SiGe p-type thin films.
4) It can be understood reasonably that the high temperature annealing results in high crystalline structure and the higher carrier mobility, which induces the larger Seebeck coefficient of the sample. The electrical conductivity of the SiGe thin film annealed at 750 C was changed by cyclic test at high temperature, but the film annealed at 1050 C was rather stable. The annealing over 1000
C is considered to be high to change the crystallinity or micro structures of the film and easily changes the performance of the SiGe film as reported, 13) as the annealing temperature is close to the melting temperature of the film which is reduced by with Ge contents in SiGe alloy. From this reason, further TE measurement has been carried out for the B-doped Si thin film sample, which have been annealed at high temperature of 1000 C to obtain stable behavior at high temperature and the cyclic high temperature measurement.
3.4 of Si films measured by system ACE: static and dynamic Figure 6 (a) shows the Seebeck coefficient of this Si film measured by the static and dynamic data acquisition method. During the Seebeck coefficient measurement, air flow cool down one side of sample and the both temperature of cold and hot TC points decreased by this air flow cooling. During this cooling, the temperature of the sample drifts down and the average temperature for this cooling process is recorded as the temperature of measurement, as shown in Fig. 6(b) . After the air flow rate changes, the temperature of the samples becomes stabilized, then the set of ÁT and ÁV is recorded, and this data acquisition is repeated again five times to result step-wise temperature history. This method is called as static data acquisition.
In the dynamic measurement, the maximum ÁT is fixed and preset to 3 C, and the system continuously measures the sets of ÁV and ÁT every 5 s (The speed for single data acquisition, voltage or temperature, was fast enough and fixed to be 0.083 s) without waiting for the temperature stabilization of the TC points.
In the dynamic data acquisition, the system does not wait for stable temperature, but continuously reads the voltage and temperature during the cooling. This enable the system work out many samples in short period but the reliability becomes worse. This problem seems to lower the reliability of the dynamic measurement whose results showed smaller Seebeck coefficient value at lower temperature, as deviated in the plots of Fig. 6(a) .
The measured values by the dynamic method deviate from the static ones seriously at both lower temperature region below 200 C and higher temperature region over 700 C. The deviation at higher temperature is mainly due to the drift and instability of the global temperature of the system, and can be understood easily and overcome by steady state measurement.
The deviation at lower temperature could be also due to the lower precision of the temperature reading by TC. The Rtype TC has limited resolution especially in low temperature, enough temperature difference of ÁT for the precise voltage reading could not be built by ACE system. The relative thermoelectric power of the R-type TC at 80 C is 501 mV, and the change of the voltage per temperature of 1 C is 7.3 mV, a voltage less than 0.073 mV must be detected precisely in order to measure ÁT with an accuracy more than 1%. However, at higher temperature the relative thermoelectric power of the R-type TC at 780 C becomes larger as 7705 mV. The change of voltage per temperature 1 K also becomes large 12.2 mV.
14)
However, the static method can wait the ÁV and ÁT data acquisition until the temperature of the cold and hot points stabilized by a specific cooling air flow. If the stability of these points is better than the compliance input by an operator, for instance, 0.1 K for 30 s, then a set of ÁV and ÁT is recorded and next air flow again cool down these points. Usually the temperature difference is maintained 2$3 C along the sample.
Higher precision measurement by system ACE
For the higher precision measurement by the ACE system, we have measured the Seebeck coefficient of the Si thin film by changing the cooling conditions and data acquisition methods for the static data acquisition, and the results of this test have been reviewed for the better precision measurement. Figure 7 shows the measured at the temperature T avg ¼ 78 C, with various data acquisition parameters.
The level of air flow, which changes the T, and the waiting time for temperature stability, which is explained in Fig. 6(b) , were varied. The value with open square points were measured by the condition of temperature stability 0.2 C for 10 s, while others measured by 0.1 C for 10 s or more (i.e., if the temperature change is below 0.1 C for 10 s, then the system measures data). We have prepared some criteria for the correct and reliable measurement. The most important parameter is how much the slopes of the set of ÁV and ÁT linear is or not. The linearity parameter r was evaluated from the plot of 5 sets of ÁV and ÁT. The measured of higher r over 0.999 are distributed in Fig. 7 at around ÁT ¼ 2:5 C. Form this results we could say that the reliable value of at T avg ¼ 78 C is 165$170 mV/K and the optimum ÁT is 2.2 C. Considering the configuration of thin film sample set-up, shown in Fig. 1(b) , the heat flux close to the cold electrode could not be uniform and occur any misleading of temperature. To investigate this effect, we also have changed the temperature reading point contacts from outside to inside, which are shown in Fig. 1(b) .
However, the Seebeck coefficient values measured by the inside contact points are deviated largely from the normal configuration of outside contact points, as shown in Fig. 8 . Two possible reasons of this deviations are small ÁT between the inside contacts and the effect of the size of the contacts.
First, the maximum built up ÁT between two point contacts at low temperature below 100 was small as around 0.6 C, and the r was low as under 0.98. This low ÁT between the inside contacts seems to lead the lower precision, at lower temperature range. Second, the tip of TC is rounded to have a small contact with the film sample, smaller than 0.3 approximately, but this dimension could effect the measurement in the case of inside contacts, where the distance of the inside contacts is 3 mm approximately. This dimensional problem affected for whole temperature range and the deviation at high temperature region is thought to be due to this. 
Summary
Using the thermoelectric thin films of SiGe and Si prepared by CVD and annealed at high temperature, the reliability of the Seebeck coefficient measurement have been verified for various method; system ACE of static and dynamic, and system BHE. As the system ACE has direct contact of both electrical and thermal contacts on the film surface more reliable measurement has been demonstrated, while the system BHE has a distance between these two reading and results possible artificial errors.
The system ACE takes advantage of stable air cooling method to acquire steady and stable data sets of and temperature difference and thermoelectric voltage. From 80 to 780 C, the Seebeck coefficients of the boron-doped Si 0:8 Ge 0:2 film and boron-doped Si film were 150$350 mV/K and 100$250 mV/K, respectively. For the stable static data acquisition method, further discussion on the reliability of the measured Seebeck coefficient has been carried out with various measurement parameter, the cooling air flow, the condition of temperature stability, and the distance of the point contacts, and the optimized temperature difference for the reliable measurement was found to be 2.2 C.
